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Polarization loss and leakage current reduction in Au/ Bi 3 Au top electrodes were formed by sputtering to fabricate capacitors with Au/BNT/Pt structure. The prepared capacitors were then subjected to 10 Mrad͑Si͒ electron radiation. Loss in the remanent polarization and reduction in the leakage current were observed after radiation. Possible mechanisms concerning the radiation-induced changes were discussed. The polarization loss was attributed to the screening effects of trapped charge carriers, while the observed leakage currents showed a grain boundary limited conduction behavior. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3075956͔
Ferroelectric materials have been the subject of intensive research for decades due to their promising applications in nonvolatile random access memories ͑RAMs͒.
1 Compared to traditional memory devices, one of the major advantages of the ferroelectric RAMs is their exceptional radiation hardness, which makes them suitable candidates for space applications. 2 Scott et al. 3 reported that the radiation hardness of lead zirconate titanate ͑PZT͒ films exceeds 5 Mrad ͑Si͒. Some researchers reported that the hysteresis loop was distorted after 5 Mrad ͑Si͒ radiation. [4] [5] [6] A decrease in the remanent polarization with increasing total dose, [7] [8] [9] [10] [11] as well as the radiation-induced ferroelectric fatigue 12 and imprint, 13 was also observed. Most of the current studies are focused on the PZT thin films deposited on different electrodes. Being the most studied ferroelectric material, PZT has a number of fascinating advantages. However, when deposited on Pt electrode, PZT films have a serious fatigue problem. Although this problem could be somewhat relieved by the use of oxide electrodes, it is generally observed that films with oxide electrodes have higher leakage currents.
14 More recently, materials from a large family of layered perovskite oxides, such as SrBi 2 Ta 2 O 9 ͑SBT͒, have emerged as promising candidates in the replacement of PZT films since they are believed to be fatigue-free. 15 Doped bismuth titanate ͑Bi 4 Ti 3 O 12 , BIT͒ thin films have also been widely studied, and it was found that Nd-modified BIT ͑Bi 4−x Nd x Ti 3 O 12 , BNT͒ films had some remarkable ferroelectric properties, including a large remanent polarization, as well as being imprint and fatigue-free. 16 In this work, the electron radiation effects of the Au/ Bi 3. 15 O was added to compensate for Bi loss during annealing. The solution was then spin coated onto the substrate at the rate of 4500 rpm for 30 s. The wet samples were dried at 180°C for 300 s and pyrolyzed at 450°C for another 300 s. The spin coating and drying were repeated six times to achieve the desired films thickness, which is about 300 nm. After deposition, the films were annealed in air at 700°C. Au top electrodes, which were circular dots with a diameter of 200 m, were deposited onto the films by sputtering using a shadow mask.
The crystalline structure of the prepared samples was characterized by x-ray diffraction ͑XRD͒. Figure 1 shows a typical XRD pattern of the BNT thin films. The diffraction peaks were identified and indexed using the standard XRD data of Bi 3.6 Nd 0.4 Ti 3 O 12 powder. A single phase of the bismuth-layered perovskite structure is observed with ͑00l͒ and ͑117͒ mixed orientations. A typical surface morphology of the BNT thin film, characterized by scanning electron microscopy ͑SEM͒, is shown in Fig. 2 . A large number of grains exist in the film and the shape of the grains is not quite uniform. As will be discussed shortly, the grain boundaries separating each grain play an important role in determining the conduction mechanism of the films.
The hysteresis loop and the leakage current were measured by a Radiant Technologies Precision Workstation ferroelectric analyzer. The samples were subjected to 10 Mrad ͑Si͒ electron radiation with an incident energy of 1 MeV. Ferroelectric properties were measured before and after radiation for comparison. To ensure that any timedependent or measurement-dependent changes in the ferroelectric properties were negligible, the experimental setups a͒ Authors to whom correspondence should be addressed. were carefully calibrated, and all the measurements were performed several times before the radiation experiment. Figure 3 gives the hysteresis loops of a selected sample measured 2 months before, 1 day before, and after radiation. Clearly, the two hysteresis loops measured before radiation coincide almost identically, while the one after radiation shows an obvious decrease. The remanent polarization ͑2P r ͒ values are 44.8Ϯ 0.4 and 43.3Ϯ 0.4 C / cm 2 before and after radiation, respectively. The radiation-induced loss in 2P r is only around 3%. Other samples also show similar behavior, although the polarization loss ranges from 1% to 5%. Such a radiation-induced loss in polarization has also been observed in PZT ferroelectric capacitors, 7-11 which can be explained by the screening effects of the trapped charge carriers. 17 During the ionization process induced by electron radiation, a large number of electron-hole pairs were generated in the BNT thin films and were separated by the local electrical field at grain boundaries. Although electrons were quickly swept out due to their lighter mass, holes were captured by defect sites along the grain boundaries. The trapped charges could screen the spontaneous polarization, which results in the degradation of the 2P r . Figure 4 gives the log J versus log E plot of the same sample before and after radiation, while the error bars were calculated from the spread of the leakage current date of the other samples. For the log J versus log E curve before radiation, different slope regions exist, as identified in Fig. 4 . In region I, which is the low voltage region, the leakage current density J is nearly linear to the applied field E. A linear fit gives a slope of 1.5Ϯ 0.02, which is consistent with Ohmic conduction governed by the Ohmic contact at the electrode/ film interface. When the applied electric field is increased, a breakdown region appears with a sudden increase in the leakage current ͑ϳ102 kV/ cm͒. The slope of this region is fitted to be 24.1Ϯ 1.8. The existence of this breakdown region suggests that the conduction mechanism of the BNT thin films falls into the category of grain boundary limited conduction ͑GBLC͒, 18 which is a result of the highly heterogeneous grains in the films, as shown in Fig. 2 . Structural and chemical disorders along the grain boundaries may create highly localized electronic states in the forbidden gap, which can trap charge carriers. Conduction through the grain boundaries occurs when the applied field is high enough to overcome the potential barrier. Such an interpretation is somewhat contrary to the general idea that grain boundaries are more conductive since they provide conduction pathway for charge carriers. However, experimental evidences in SBT suggest that ͑i͒ grain boundaries are more resistive than the grains, ͑ii͒ grains conduct current individually, and ͑iii͒ smaller grains conduct at lower voltages.
14 Although observed in SBT, the above features are quite consistent with our results in BNT films. The sudden increase in the leakage current in region II in Fig. 4 suggests that at the breakdown voltage, almost all the small grains with similar barrier height are suddenly "turned on." Suppose that the breakdown of the grain boundary barriers is governed by the tunneling mechanism, the slope ␣ of the log J versus log E curve in region II can be estimated by
where b is the grain boundary barrier height and E is the breakdown field. A recent impedance spectroscopy measurement gives b ϳ 1.1 eV. 19 Substituting ␣, b into Eq. ͑1͒, we get E ϳ 3769 kV/ cm. To avoid confusion, one should note that this breakdown field refers to the field across the grain boundaries, while in Fig. 2 ϳ102 kV/ cm is the average field across the film. The electrical thickness of the grain boundaries can then be estimated as follows. Taking the film thickness as 300 nm, the breakdown voltage can be calculated to be 3.06 V. Since the grain boundaries are more resistive than the grains, it is reasonable to assume that the boundaries bear almost all the applied voltage ͑3.06 V͒. Since the breakdown field at the boundaries is estimated to be 3769 kV/cm, we obtain the electrical thickness of the boundaries d ϳ 8.1 nm. Finally, in Fig. 4 , the breakdown region is followed by an upturn region with a slope of 6.5Ϯ 0.3. In the space charge limited conduction ͑SCLC͒ model, the J-E characteristics in this region are generally explained by the trap-free square law, which implies that slope of the log J versus log E curve in region III should be 2. The experimentally observed slopes, however, are generally different from 2 due to the scattered distribution of the trapping levels caused by structural and chemical disorders in the films. 18 In the present study, a much larger slope of 6.5Ϯ 0.3 is observed, which, we believe, is an indication of the GBLC behavior. At higher fields, larger grains start to conduct current, resulting in a much faster increase in the leakage current than that given by the SCLC model. Interestingly, some distinct features appear in the J-E characteristics after radiation. In region I, the log J versus log E dependence is no longer linear. Instead, a small decrease in the conductivity with increasing field is observed ͑around 40 kV/cm͒. This can be explained as a result of the increased height of grain boundary barriers. 18 The grain boundary barrier height b is inversely proportional to the effective dielectric constant and can be expressed by
where n b is the trap density at the grain boundaries and 0 is the permittivity of vacuum. The increased barrier height is a result of the decreased dielectric constant, as can be seen from Fig. 5 , which plots the slope of the hysteresis loop ͑dP / dE͒ from zero field to 400 kV/cm. The decrease in conductivity with increasing field is a typical GBLC behavior, which is a combined effect due to the presence of grain boundary barriers and the nonlinear dielectric response. However, such a behavior was not observed in the samples before radiation, which is because that the radiation-induced segregation of trapped charge carriers along the grain boundaries leads to a more pronounced GBLC behavior. The slope of the log J versus log E curve after radiation can also be estimated similarly. From Fig. 4 , it can be seen that the breakdown field after radiation is increased to 106 kV/cm. Assuming that the electrical thickness of the grain boundaries is unchanged, the breakdown field at the boundaries is 3926 kV/cm. Furthermore, b Ј, the barrier height after radiation, can be calculated according to 
͑3͒
where Ј is the effective dielectric constant after radiation. Substituting into Eq. ͑1͒, we get ␣ = 27.7, while the fitted value from experimental data is 26.1Ϯ 3.8. In region III, the slope of the log J versus log E curve is almost unchanged compared to that before radiation. However, the magnitude of the leakage current has a significant reduction, which is also a direct result of the increased barrier height. In summary, the electron radiation effects in Au/BNT/Pt capacitors were studied. The 2P r value decreased only by about 5% after 10 Mrad͑Si͒ radiation. Analysis of the leakage current in the films suggests the importance of grain boundaries. Indeed, the polarization loss and leakage current reduction are mutually related phenomena: the reduction in the remanent polarization is accompanied by the decrease in the effective dielectric constant, which then leads to increased barrier heights and reduced leakage current. Furthermore, the observed leakage current behaviors before and after radiation can be well explained by the GBLC model.
